Abstract Intensive agriculture is often criticized for negative impacts on environment and human health. This issue may be solved by a better management of organisms living in crop fields. Here, we review the benefits of earthworms for crops, and we present techniques to increase earthworm abundance. The major points are the following: (1) Earthworms usually improve soil structural stability and soil porosity and reduce runoff. (2) Earthworms modify soil organic matter (SOM) and nutrient cycling. Specifically, earthworms stabilize SOM fractions within their casts, and they also increase the mineralization of organic matter in the short term by altering physical protection within aggregates and enhancing microbial activity. (3) The positive correlation between earthworm abundance and crop production is not systematic, and contrasting effects on yields have been observed. Earthworms induce the production of hormone-like substances that improve plant growth and health. (4) Direct drilling increases earthworm abundance and species diversity, but the beneficial effect of reduced tillage depends upon the species present and tillage intensity. (5) Organic amendments enhance earthworm abundance. (6) Earthworms feeding at soil surface are the most exposed to pesticides and other agrochemicals. Finally, we discuss how to combine management practices, including inoculation, to increase the earthworm services. We conclude that using earthworm services in cropping systems has potential to boost agricultural sustainability.
water regulation, nutrient cycling, primary production, climate regulation, pollution remediation, and cultural services (Blouin et al. 2013) . They have long been used in traditional medicine (Shen 2010) , due to the various chemical compounds they contain (Grdiša et al. 2013) . With a high content of proteins, about 60-70 %, they represent a valuable feed for fish (Olele and Okonkwo 2012) or poultry (Tiroesele and Moreki 2012) . They can also be a delicacy for some people, like for Ye'Kuana Amerindians in Venezuela, who eat them both raw and smoked (Paoletti et al. 2003) . They attract more and more attention for their ability to reduce organic waste into valuable compost called "vermicompost" (Fig. 1) . Indeed, the burial of organic wastes or their incineration is an inappropriate use of the energy and organic carbon contained within the material at a time when fossil energy is becoming increasingly expensive and CO 2 release a major global problem. Vermicomposting of locally produced organic wastes decreases the cost of transport to water treatment plants, incinerators, or landfills . Vermicomposting represents an opportunity to turn organic waste into a fertilizer and soil conditioner that is beneficial for plant growth either at home, in greenhouse, or even in the field (Arancon and Edwards 2011) . These advantages make vermicomposting a powerful tool for environmental education (Appelhof et al. 1993) .
In agriculture, the beneficial effects of earthworms could help to overcome some of the major issues of conventional intensive farming (Table 1) . Compaction is a major problem in humid areas. In these cases, earthworms could help to alleviate structure degradation, especially if simplified tillage systems are to be adopted. In conventional agriculture, with highyield objectives, the amount of nutrients required and nitrateleaching risk is often high. When organic amendments are applied, earthworms could boost organic matter mineralization and improve nutrient bioavailability. Moreover, nutrient release due to earthworm activity is temporally and spatially synchronized with plant activity. Indeed, through the creation of small patches (the casts) enriched in mineral nutrients, they could contribute to enhance nutrient use efficiency and to decrease the risks of nitrate leaching. Furthermore, reaching high yield levels implies a high protection level against pests and diseases. Here again, earthworms could help: There is evidence that earthworms help crops to be more resistant or tolerant to diseases and pests and/or could be an effective agent for biological control of soil pathogens. The interactions between earthworms, soil functions, and plant growth and the beneficial effects emerging from these interactions are summarized on Fig. 2 .
However, these earthworm-mediated ecological services are both site-and species-dependent and may not always improve the performance of cropping systems. For instance, turnover of soil organic matter (SOM) and nutrients, accelerated by earthworms, could stimulate the production of greenhouse gases like carbon dioxide (CO 2 ) and nitrous oxide (N 2 O), as shown by the meta-analysis of Lubbers et al. (2013) . Nevertheless, it is generally assumed that abundant earthworm populations are beneficial to agriculture.
Since earthworms live within agroecosystems, cultural practices exert a top-down effect on earthworm populations. Earthworm species richness, the size and structure of earthworm populations (number of individuals, ratio of juveniles/ adults), and their biomass are dependent on crop management (Riley et al. 2008; Pelosi et al. 2009 ). The main cultivation practices whose influence on earthworm populations is recognized are summarized on Table 2 . The effect of tillage on earthworm community composition and abundance is highly dependent on the intensity and scheduling of tillage operations. The organic matter supplied to the soil is also a key driver of earthworm abundance. Earthworm effects on plant growth or soil pathogens are expected to be highly dependent on soil properties such as SOM or water content, which are also affected by cultural practices. Pesticides are not always without influence on earthworms. Last, the influence of cropping systems has also to be evaluated at the territory level: Crop diversity, hedges, and land use have an influence on the spatial distribution of earthworm species. However, this aspect will not be taken into account in this paper, due to the scarcity of studies reported in the literature.
To design crop management systems that consider the value of earthworms explicitly, it is necessary to assess the earthworm-mediated ecological services that occur in cropped fields and to review the effects of cultivation practices on earthworm diversity, abundance, and activity. In this paper, Fig. 1 Vermicompost can be obtained in about 100 days from domestic organic wastes when processed by the earthworms Eisenia fetida or Eisenia andrei. Photographs by M. Blouin we first review the effect of earthworms on soil fertility (including soil structure, SOM and nutrient dynamics, and microbial activities), plant growth, and plant health. We then discuss the effect of cultivation practices on earthworm communities: tillage, organic amendments, and pesticide application. Finally, we discuss how earthworms could be integrated in cropping systems to enhance agricultural productivity and sustainability.
2 Effects of earthworms on soil fertility, plant growth, and health 2.1 Earthworm activity and soil structure: consequences for erosion and soil water regimes Soil structure is a critical factor for most soil functions, including soil fertility. Earthworms contribute to soil structure Earthworms may decrease the negative impacts of some pests and pathogens (nematodes, fungi) Fig. 2 Earthworms provide similar outcomes as cultural practices, on crop nutrition, health and yield. The magnitude of the earthworm-induced changes in soil structure, water and nutrient availability, and hormonelike effects on crop health is affected by the size and activity of earthworm populations and other site-specific factors affecting the ability of earthworms to modify the soil fertility and crop growth. Cultural practices such as tillage and organic matter inputs are expected to regulate the size and activity of the earthworm community. Photographs by M. Bertrand and formation through humus formation, mineral weathering, and mixing of these components to create stable aggregates, i.e., organo-mineral complexes, which are deposited either on the soil surface or within the soil profile (Le Bayon et al. 2002) . They also affect soil mechanical and hydraulic properties through their burrowing activities ( Fig. 3a) , which generate macropores that significantly impact water infiltration and thus are important for supplying crops with water, as well as controlling surface runoff and erosion. Burrowing is driven by earthworm activities such as feeding, reaction to drought or cold temperatures, avoidance of predators, and soil oxygenation (Jegou et al. 2002) . Pore morphology varies depending on the earthworm ecological group. Anecic earthworms (Fig. 3b ) dig large (higher than 1-mm diameter) vertically oriented galleries that extend to depths greater than 1 m in the soil profile. Endogeic earthworm ( Fig. 3c ) galleries are not preferentially oriented in the vertical direction. The burrow diameter is smaller than anecic burrows, and they are not so deep (Bouché 1972) . Epigeic earthworms remain in the litter layer and in the first few centimeters of the soil and thus have little effect on soil macroporosity. In a mesocosm experiment, Ernst et al. (2008) showed that earthworm ecological groups affect soil water characteristics. The anecic Lumbricus terrestris and the endogeic Aporrectodea caliginosa enhanced drying in the 0-15-cm soil layer by increasing soil aeration and subsequently evaporation through their burrows. In contrast, the epigeic Lumbricus rubellus tended to favor water storage in the topsoil. This is probably due to the fact that L. rubellus leaves litter at the soil surface rather than burying it, which prevents evaporation. A. caliginosa induced higher water infiltration rates and faster water discharges to the subsoil than other species, probably because its burrows are temporary and continually being rebuilt.
Earthworm burrows affect water availability to crops. Blouin et al. (2007) showed, studying rice growing in a greenhouse, that the presence of the endogeic worm Reginaldia omodeoi, formerly known as Millsonia anomala, had a positive effect on plant growth in a well-watered treatment, but a negative effect in a water-deficient treatment. This was attributed to lower water availability to rice caused by lower soil water retention capacity in the presence of this compacting earthworm. However, preferential water flow occurred in macropores created by earthworms. This has been documented for different soil types: rice paddy soils (Sander et al. 2008) , temperate loamy soils (Capowiez et al. 2009 ), and temperate clay soils (Jarvis et al. 2007) . Preferential flow increases the risk of leaching and subsequent contamination of subsurface and groundwater by nitrogen and pesticides (Ritsema and Dekker 2000; Blackwell 2000) . However, the action of earthworms on soil porosity generally has a positive effect on the soil water regime (Ehlers 1975; Clements et al. 1991; Pitkänen and Nuutinen 1998) . Clements et al. (1991) showed that, after 10 years of earthworm inoculation, the water infiltration rate increased from 15 to 27 mm h −1
. In Mediterranean soils, water percolation was found to be positively correlated with earthworm biomass, burrow length, and burrow surface with r value of 0.66, 0.65, and 0.77, a) b) C) Fig. 3 a Earthworm gallery in a compacted clod of loamy soil in Northern France (credit C. Pelosi). b Anecic earthworm Lumbricus terrestris (credit S. Barot). c Endogeic earthworm Apporectodea rosea (credit C. Pelosi) respectively (Bouché and Al-Addan 1997) . In this study, a significant correlation between infiltration and earthworm biomass was observed: The infiltration rate increased by 150 mm h −1 per 100 g m −2 of earthworms. This correlation was even stronger when only anecic species were considered in the analysis: 282 mm h −1 per 100 g of anecic m −2 (Bouché and Al-Addan 1997) . In contrast, in a corn agroecosystem where earthworm populations were deliberately elevated, the infiltration rate did not vary (Lachnicht et al. 1997) .
Water infiltrating through earthworm burrows can be a source of crop water or percolate through the soil profile, but changes in water infiltration also affect surface hydrological processes. In Ohio, the increase in infiltration rate due to anecic earthworm burrows reduced soil erosion by 50 % (Shuster et al. 2002) . In Vietnam on an experimental field with 40 % slope, biogenic aggregates of Amynthas khami were responsible for a 75 % decrease in runoff (Jouquet et al. 2007 ). Endogeic species also increase soil macroporosity and water infiltration, which tends to reduce runoff. However, it has been shown that some endogeic species also produce small-sized casts, which favor surface sealing and contribute to soil erosion . This effect was shown in tropical conditions with Pontoscolex corethrurus, a tropical earthworm. However, this negative effect resulted from a dramatic population increase of one particular species after the land use was changed from forest to pasture in Brazil (Chauvel et al. 1999) . Earthworm species that create water stable casts reduce soil sensitivity to splash effects and runoff, but this may reduce water infiltration by increasing surface bulk density (Reddell and Spain 1991b; Blanchart et al. 1999; Chauvel et al. 1999; Shuster et al. 2002) . These contradictions between the results about the impact of earthworms on soil structure, water infiltration, and soil erosion are probably due to the fact that this impact depends on the following: (1) the rainfall regime, (2) earthworm abundance, (3) earthworm species, and (4) the amount of organic matter available at soil surface (Blanchart et al. 1997; Hallaire et al. 2000) .
Generally, earthworm burrowing and casting activities contribute efficiently to soil erosion control in temperate and tropical soils. In temperate climates, anecic earthworm casts increased soil roughness, reinforced by the presence of organic residues, forming "middens" that reduced surface runoff (Le Bayon et al. 2002) . In Finland, surface runoff during rainfall events was negatively correlated with the dry biomass of L. terrestris (Pitkänen and Nuutinen 1998) . In three soil tillage treatments where earthworm populations were reduced, increased, or remained unmanipulated, anecic earthworm biomass was identified as an important independent variable contributing to runoff and erosion diminution, and erosion rates decreased exponentially as a function of anecic earthworm biomass (Valckx et al. 2010) . Endogeic and anecic casts on the soil surface improve soil structural stability and give a better resistance to erosion (Le Bayon et al. 2002) . They may represent considerable amounts of soil, i.e., 2 to 10 kg m −2 in temperate climate, which corresponds to a 5-to 25-mm-thick layer created by earthworms. Although some cases of soil degradation due to earthworm compacting species are reported in the literature, earthworms generally improve soil structural stability and soil porosity and reduce runoff.
Effect of earthworms on soil organic matter and nutrient cycling
Earthworms contribute to carbon cycling through several complementary mechanisms (Lavelle and Martin 1992; Marinissen and de Ruiter 1993) . Anecic and epigeic earthworms directly ingest poorly decomposed litter at the soil surface, while endogeics ingest soil and assimilate a small fraction of the organic matter it contains. Once ingested, the fraction of litter that is not assimilated is fragmented during the digestion process and mixed with soil. Last, the undigested litter and SOM are returned to the soil in the form of earthworm casts. Fresh casts possess active bacteria and high mineralization rates, at least transiently, and these nutrient cycling processes decline with the age of casts.
SOM decomposition and mineralization depend on processes mediated by soil microorganisms. Earthworms change the structure of soil microbial communities in a way that accelerates SOM decomposition and mineralization (see for example Scheu et al. 2002; McLean and Parkinson 2000) . Bacteria are strongly implicated in soil organic carbon (SOC) stabilization and nitrogen cycling due to their population size, turnover rates, and ability to produce enzymes required for decomposition/mineralization. While bacteria directly contribute to SOM mineralization, Winding et al. (1997) observed greater protozoa activity in mesocosms with earthworms, which increased mineralization, presumably due to predation of bacteria in the detrivorous food web. Four mechanisms are generally assumed to be responsible for earthworm-microbial interactions (Brown 1995) : (i) Soil ingestion stimulates the growth of some microorganisms through the addition of mucus and brings microorganisms in contact with organic residues. (ii) The incorporation of organic matter into the soil creates hot spots of microbial activity. (iii) Earthworms modify soil structure, creating habitats favorable to microbial activity. (iv) Earthworms are responsible for horizontal and vertical transport of microorganisms, which are either transported on earthworm body or in their gut, ingested with soil or litter. While the stimulation of some bacteria within the earthworm digestive tract and in fresh casts is often reported, the long-term effect of earthworms on bacteria biomass in the bulk soil is still under debate. In some studies, bacterial biomass increased in response to earthworm stimulation (Burtelow et al. 1998; Li et al. 2002; Groffman et al. 2004 ) and decreased following earthworm consumption in other studies (Hendrix et al. 1998; Groffman et al. 2004) .
The short-term increase in mineral nutrient availability in the presence of earthworms is well documented, but the longterm effect of earthworms on SOM content is less clear Don et al. 2008) . Incorporation of organic matter into the soil profile by earthworms might lead to a partial protection of surface litter within the SOM. The evidence for this phenomenon comes first from the lower mineralization observed in old and stable earthworm casts (Pulleman et al. 2005; Bossuyt et al. 2005) . Second, the organic matter that reaches a deeper soil layer is less prone to decomposition, which might be due to the lower provision of fresh organic matter to these soil layers that suppresses positive priming effects (Fontaine et al. 2007 ), i.e., the enhancement of SOM decomposition through inputs of labile organic matter that stimulates microbial activities. Bohlen et al. (1997) calculated that a population of about 100 individuals per m 2 of L. terrestris could ingest 840 kg ha −1 year −1 of surface litter in a temperate cornfield.
Eriksen-Hamel and Whalen (2007) reported that the availability of soil mineral N, and subsequently the N concentration in soybean grain, is increased with the abundance of earthworms, mostly A. caliginosa. The increase in N availability with increasing earthworm abundances can be significant: A field with high earthworm abundance, 300 individuals m −2 , could have 14 kg N ha −1 more in the 0-15-cm soil layer than a field with low earthworm abundance, 30 individuals m −2 . The availability of some of the watersoluble nutrients (K, Ca, Mg,…) is also enhanced as SOM and litter pass through earthworm gut, because these nutrients are solubilized and dissolved from soil minerals during the grinding/rearrangement of organo-minerals during gut transit (Carpenter et al. 2007 ). Earthworms may also cause N losses from ecosystems. For example, earthworms have been shown, in some cases, to increase denitrification (Horn et al. 2006; Costello and Lamberti 2009; Lubbers et al. 2013 ) and the leaching of mineral N (Domínguez et al. 2004 ). However, the stabilization of organic N in earthworm casts could offset these N losses. Such effects of earthworms on the nitrogen balance have not been assessed thoroughly in agroecosystems, and this knowledge gap needs to be addressed.
In summary, processes underlying earthworm's effects on SOM cycling and nutrient availability are complex, and the balance between positive and negative effects is not clearly established and probably depends on the time of sampling at a specific site.
Effects of earthworms on crop growth and health
Earthworms have inhabited soils for several hundred million years and represent the most abundant belowground biomass in most terrestrial ecosystems (Lavelle and Spain 2001) ; so, it is likely that coevolution between earthworms and plants could have occurred. The beneficial effect of earthworms on plant growth was recognized more than a century ago (Darwin 1881) . Consequently, the effect of earthworms on primary production has been extensively investigated in the laboratory or in the field, respectively, 46 and 54 % of the studies reviewed by Brown et al. (1999) , with some experiments monitored for several years (Giri 1995; Blanchart et al. 1997) . Here, we give a brief overview of some of the vast literature available on this topic (Lee 1985; Edwards and Bohlen 1996; Edwards 2004) . Brown et al. (1999; reviewed 246 experiments in tropical countries and concluded that in 53 % of the studies, there was less than 20 % difference in biomass production with and without earthworms. In 4 % of studies, there was more than 20 % reduction in biomass production in the presence of earthworms, such that earthworms were detrimental to plant growth. In the remaining 43 % of studies, there was more than 20 % improvement in biomass production where earthworms enhanced plant growth. Several environmental factors were identified as responsible for variation in biomass production in the presence of earthworms (Brown et al. 1999 (Brown et al. , 2004 . A major determinant is soil type, especially soil texture and carbon content, which account for 43 % of the variation in plant yield response. Sandy soils with a slightly acidic pH show the greatest increase in biomass production in the presence of earthworms (Brown et al. 2004) , which was confirmed by Laossi et al. (2010a) . Plant functional group is also an important driver: Earthworms induce higher biomass production in perennial species, especially trees, than that in annual species, whereas biomass of legumes is sometimes negatively affected by the presence of earthworms (Brown et al. 2004) .
In a review of 67 studies reporting 83 cases located in temperate countries, Scheu (2003) showed that aboveground production increased significantly with earthworms in 79 % of cases, while it decreased significantly in 9 % of cases. Belowground production increased significantly in 50 % of cases and decreased in 38 % of cases. The shoot-root ratio was assessed in 24 % of cases and increased with earthworm abundance in all cases but one study reported by Atiyeh et al. (2000) . To summarize, aboveground biomass generally increases in the presence of earthworms, but belowground biomass exhibits a variable response to the presence of earthworms.
The positive correlation between earthworm abundance and crop production is not systematic, and contrasting effects on yields have been observed. For example, a study by Baker et al. (1999) showed that pasture production increased linearly with increasing earthworm abundance, A. caliginosa, Aporrectodea longa, and Aporrectodea trapezoides, being each introduced at 114, 214, 429, and 643 earthworms per m −2 . Conversely, Chan et al. (2004) reported that the highest grass production, +49 % higher than that in control without earthworms, was measured in the low abundance treatment, 212 . This negative effect of high earthworm abundance on crop production is not fully understood, but it could be that adding earthworms above the soil carrying capacity will lead to soil compaction, as observed in Amazonia (Chauvel et al. 1999) .
Five mechanisms, reviewed in Brown et al. (2004) , are likely responsible for the positive effect of earthworms on plant production. Earthworm-induced changes in soil physicochemical properties, reviewed in Sect. 1, include the following: (i) modification of soil porosity and aggregation, which changes water and oxygen availability to plants, and (ii) greater mineralization of SOM, which increases nutrient availability to the plants. The other three mechanisms involve interactions with other organisms: (iii) biocontrol of pests and parasites, (iv) stimulation of symbionts, and (v) production of plant growth regulators via the stimulation of microbial activity.
Earthworms could be effective for pest biocontrol. For example, earthworms Aporrectodea rosea and A. trapezoides reduced the severity of take all, due to a soil-borne fungal pathogen Stephens and Davoren 1997) , and the earthworm R. omodeoi reduced the damage caused by plant parasitic nematodes Heterodera sacchari on rain-fed rice plants (Blouin et al. 2005) . Earthworms influenced the development of aphids through their effects on plant growth and nutrient content (Scheu et al. 1999; Eisenhauer and Scheu 2008) . While the increase in nutrient availability in the presence of earthworms could increase plant resistance against herbivores, this effect has never been demonstrated in the field. Another way that earthworms could benefit agricultural crop production would be to control weeds, which is possible through their ability to modify seed germination by burial, ingestion, and maternal effects (Laossi et al. 2010b ). This idea is supported by the influence of earthworms on natural plant community structure, which can increase or decrease plant density depending on the plant and earthworm species (Decaëns et al. 2003; Hale et al. 2008; Laossi et al. 2009; Eisenhauer et al. 2009 ), but needs to be confirmed in agroecosystems to determine whether a reduction in herbicide use is possible when earthworms are abundant.
Earthworm interactions with other soil organisms have received less investigation. For instance, the spreading of symbionts, i.e., mycorrhizae, carried by earthworms colonizing new fields was shown by Gange (1993) , and Doube et al. (1994) demonstrated that earthworms can increase the nodulation of legume plants by Rhizobium. However, to our knowledge, crop production in response to an earthworm-enhanced redistribution of mycorrhizae or Rhizobium has never been assessed.
Greater production of plant growth regulators in the presence of earthworms was demonstrated (Canellas et al. 2002; Muscolo et al. 1998) . These compounds could include signal molecules such as auxin or ethylene produced in earthworm casts, as demonstrated with loss-of-function mutants of Arabidopsis thaliana and transcriptome analysis of earthworm effects on plant development and defense (Puga-Freitas et al. 2012a ). The stimulation of cultivable bacteria producing indoleacetic acid, an auxin compound, was also demonstrated (Puga-Freitas et al. 2012b ).
Most of these findings regarding effects of earthworms on plant growth and health are positive but tend to be from studies under controlled conditions. Due to the great number of processes involved and the variability of field conditions, it is difficult to confirm these effects in agroecosystems, indicating that more research is needed on earthworm-plant interactions in real environments.
Effects of cultural practices on earthworm communities in cropped fields
Cultural practices are widely recognized to affect earthworms in agricultural fields (Lee 1985; Edwards and Bohlen 1996; Chan 2001; Roger-Estrade et al. 2010) . Several studies have shown that earthworm abundance and diversity are reduced in agricultural fields, compared to uncropped soils (Edwards and Bohlen 1996; Peigne et al. 2009 ). Moreover, earthworms are more abundant in permanent pastures than those in annually cropped agroecosystems (Low 1972) . The cultural practices most often cited for their effects on earthworm populations are tillage, crop sequence, organic fertilizers, and pesticide use, discussed further in the following sections.
Tillage
It is well known that tillage affects earthworm community structure and population dynamics. Tillage intensity, which can be defined as a combination of (i) working depth, (ii) fragmentation mode, and (iii) frequency of operations, is a major controller of earthworm population size and diversity. The working depth could be superficial, to a depth of 5-10 cm in a shallowly harrowed soil, or extensive in soils that are subject to full-inversion plowing (to a depth of 15-20 cm) and subsoiling (below 20-cm depth) operations. Fragmentation of surface litter is greater in soils that are rototilled than with some conservation tillage equipment (e.g., chisel plow with sweeps) or shallow harrows (e.g., chain harrow used for burying seed). The frequency of operations could be high, especially in organic farming (OF) systems where tillage is widely used to control weeds. Ivask et al. (2007) showed that earthworm populations are sensitive to tillage frequency.
Earthworms are affected by tillage through several mechanisms (Chan 2001; Curry 2004; Roger-Estrade et al. 2010 ). The main, direct impact is the mechanical damage of earthworms that causes physical injuries or death following contact with tillage tools or soil clods moved during the tillage (Gerard and Hay 1979) . Boström (1995) estimated that 61 to 68 % of the earthworm biomass present in the soil layer tilled by a rotary hoe was killed by the tool. Soil inversion by plowing exposes earthworms to predators by moving deepdwelling earthworms to the soil surface (Cuendet 1983; Tomlin and Miller 1988) and also causes desiccation or frost damage to cocoons when tillage operations occur in autumn after crop harvest (House and Parmelee 1985) . Conventional tillage (plowing and secondary tillage operations) destroys earthworm burrows, removes the insulating layer of litter, modifies organic matter availability due to burial of crop residues (Lee 1985; Nuutinen 1992; Briones and Bol 2003) , and changes soil physical conditions such as temperature, moisture, and soil structure (Birkas et al. 2004; RosasMedina et al. 2010) . Soil compaction, which can occur when wet soils are cultivated, has a detrimental effect on earthworm communities, inducing earthworm avoidance of compacted zones and earthworm death due to crushing by machinery (Capowiez et al. 2009; Cluzeau et al. 1992; Larink and Schrader 2000) .
The less intensively the soil is disturbed, the less harmful tillage is for the earthworms. Thus, superficial tillage was less harmful for earthworms than ploughing. The impact of ploughing on earthworms was reviewed extensively (Edwards and Bohlen 1996; Chan 2001; Kladivko 2001) . Even if ploughing is generally detrimental to earthworms, results vary across agroecosystems. After 5 years of cultivation with ploughing, there was a decrease of approximately 70 % in earthworm biomass and 80 % in earthworm numbers (Chan 2001) . However, Evans and Guild (1948) found that a single spring ploughing did not significantly reduce the biomass or total number of earthworms. Rosas-Medina et al. (2010) found no difference between shallow tillage, disk ploughing, and ripper decompaction on earthworm abundance and biomass. Pelosi et al. (2009) found three to seven times more anecic and epigeic earthworms in a direct seeded system with living mulch treatment than those in conventional or organic farming systems with ploughing, and there were approximately two times more endogeic earthworms in conventional and organic farming ploughed systems than those in the direct seeded system.
As indicated by the findings of Pelosi et al. (2009) , earthworm ecological groups respond differently to soil tillage (Ivask et al. 2007; Capowiez et al. 2009 ). Epigeic earthworms are negatively impacted by ploughing, as they cannot access to their trophic resource after burial of crop residues into the soil. The anecic group is probably the most negatively impacted by soil tillage because anecic species tend to be large, which makes them vulnerable to mechanical damage. Their vertical burrows are permanent and used as shelters-in contrast to the temporary burrows of endogeic species-as well as an access route to crop litter (their main food source) at the soil surface. Destruction of anecic burrows by tillage likely has a negatively impact on anecic earthworms. Peigne et al. (2009) explained that the increase in earthworm abundance in their no-till treatment was due to greater numbers of anecics. Endogeic earthworms seem to be less impacted, and even sometimes favored by ploughing, as their access to organic matter is facilitated when crop residues are buried and partially decomposed by soil microorganisms (Nuutinen 1992; Wyss and Glasstetter 1992) . The endogeic earthworm A. caliginosa was considered to be tolerant of soil tillage (Peigne et al. 2009; Rosas-Medina et al. 2010 ) although de Oliveira et al. (2012) found it to be more sensitive to tillage than A. rosea. Pelosi et al. (2009) estimated that endogeic earthworms represented 75 % of total earthworm populations in ploughed fields (conventional and organic farming systems) and only 36 % in unploughed ones (direct seeded system). We suggest that contrasting response of earthworm populations to tillage in these field studies is due to the variability in the abundance and structure of earthworm populations during the year and between years. Thus, in field studies, the choice of the sampling date is crucial. A given tillage operation probably has a different effect on a population with a high proportion of juveniles than that on a population dominated by aged adults because juveniles may be more susceptible to mechanical damage and lack of food availability than adults. Moreover, the sensitivity of the different stages likely depends on the earthworm species. Thus, better description of the impact of tillage on earthworm communities requires monitoring throughout the year and for several years in adjacent agroecosystems with no-till and tillage treatments. These data could calibrate population dynamics models, to have an idea of the earthworm dynamics in undisturbed soils and finally analyze the effect of tillage practices on earthworm population dynamics.
Therefore, farmers who want to protect (or enhance) earthworm diversity and abundance in their fields have to carefully choose the tillage system they use (a light harrow for instance is better than a more aggressive rototiller for secondary tillage), the scheduling (prefer tillage in winter than in spring, because at that period, the population is dominated by juvenile that are more sensitive to tillage than adults), and the intensity (prefer unploughed than ploughed systems whenever possible). Direct drilling with direct seeding/no-till equipment is the most earthworm-friendly tillage practice. However, this type of crop management often poses challenges for weed control. Innovative approaches for the application of conservation tillage, such as perennial mulches, mechanical control of cover crops, rotational tillage, and others still need to be assessed for their impact on earthworms (Peigné et al. 2007 ).
Organic amendments
Applying organic matter to agroecosystems is favorable to earthworm communities (increasing abundance and/or species diversity), regardless of the product applied (crop residue, green waste, cattle manure, etc.), since dead organic matter is the food of earthworms. However, the extent to which earthworm populations and species diversity increases depends on the amount and quality of organic amendments applied to the soil and the feeding habits of earthworm species (described above, for the epigeic, endogeic, and anecic ecological groups).
The quality of crop residues and organic amendments applied to the soil influences the humus content and consequently benefits endogeic earthworms that feed on humidified organic matter. Since the humification process is, among other things, controlled by the carbon to nitrogen ratio of the residues, the biochemical composition of residues could be considered as a qualitative indicator of the food resources supplied to endogeic earthworms. Thus, the crop sequence (including cover crops) is important to consider, because it determines the biochemical composition of the organic matter entering the agroecosystem.
Many agricultural systems have integrated cropping and livestock production, which is a source of animal manure (often from cattle) that serves as food for earthworms. Dung from various herbivores as an organic substrate for earthworm populations was reported by Scown and Baker (2006) . These authors found that horse dung was generally preferred by five earthworm species (A. trapezoides, Microscolex dubius, M. phosphoreus, Spenceriella macleayi, and S. bywongensis). Leroy et al. (2008) compared farmyard manure, cattle slurry, and various composts on field earthworm populations. Two and a half years after the first organic matter application, the farmyard manure and cattle slurry treatments had the largest number of earthworms (about 800-900 individuals m −2 ), while the unamended controls had the lowest earthworm abundance (about 150 individuals m ). Due to the paucity of data describing the response of field earthworm populations to quantity or quality of organic amendments originating from crop residues and other sources, it is not clear how to designing farming systems with appropriate organic matter inputs to maximize earthworm abundance and diversity.
Pesticide application
Most data about pesticide effect on earthworms come from standard laboratory tests with the epigeic Eisenia fetida, a compost-dwelling earthworm that is absent from agricultural fields. Due to the distinct life cycle and ecological niche of E. fetida, it is challenging to determine how normal fielddwelling earthworms will respond to pesticides (Pelosi et al. 2014) . The pathways and duration of exposure to potentially toxic compounds in pesticides (active compounds and adjuvants) need to be considered for field-dwelling earthworms.
Fungicides and insecticides are reported to be directly toxic to earthworms (Pelosi et al. 2014 ). However, they are frequently sprayed on foliage of crops after canopy closure, so that earthworms are not directly in contact with these pesticides and do not ingest them; unless, it rains shortly after spraying (washing pesticides off the foliage, bringing them into the soil), or if contaminated leaves fall onto the soil. Copper-based fungicides, common in organic farming, can be toxic to earthworms. In South Africa, Eijsackers et al. (2005) studied the direct toxic action of copper oxychloride on earthworms in vineyards and showed that copper could accumulate in earthworm. This element reduced growth and survival and induced behaviors such as a low burrowing rate and avoidance of copper-contaminated soils. Molluscicides may endanger anecic earthworm populations if the application is followed by a rainy period that causes anecic earthworms to move to the surface, where they may ingest the product. Vermifuges used for cattle care are excreted in dung, where the vermifuge products or their derivatives can be ingested by earthworms, although Svendsen et al. (2005) reported limited impact of vermifuges on the life cycle of earthworms. Herbicides from various chemical families have a wide range of toxicity for earthworms. For instance, Mohasin et al. (2005) have showed that paraquat applied at commercial dose induced a stronger decrease in cast formation, compared to a control plot without herbicide application, than glyphosate also applied at commercial dose. Herbicide applications are made on the soil surface, prior to planting or following weed and crop emergence, so that epigeic and anecic earthworms that feed on surface litter may be impacted by herbicides.
Exposure pathways differ for each type of pesticide and can be coupled with information on earthworm habitat and feeding preferences to draw some general conclusions about how pesticides affect earthworms. Endogeic earthworms are not directly exposed to pesticides sprayed on crop foliage or on the soil surface, and they do not feed on fresh organic matter that may contain pesticide residues. Therefore, their exposure to pesticides is expected to be low. Epigeic earthworms are the most exposed to agrochemicals, as they live and feed at the soil surface. Anecic earthworms are also exposed to pesticides as they feed on plant litter found on the soil surface. Pesticide impacts on earthworm communities are expected to be greater in no-till than tilled agroecosystems for two reasons: (i) Endogeic species dominate earthworm communities in conventionally tilled fields, and their life history traits reduce their exposure to pesticides, and (ii) no-till fields have greater reliance on herbicides for weed control, and this is likely to increase exposure to pesticides of epigeic and anecic earthworms, which represent the larger proportion of the earthworm communities in no-till agroecosystems.
Toxicity of pesticides to earthworms is difficult to assess from laboratory experiments because effective pesticide application rates in the field are generally low compared to toxic levels used in laboratory experiments. Under field conditions, lethal effects are rarely observed when the products are used at normal application rates, but sublethal effects on growth and reproduction may occur, depending on the earthworm species and product used (Bauer and Römbke 1997) . For example, Choo and Baker (1998) reported no significant reduction of growth after 5 weeks of exposure to endosulfan (insecticide) and fenamiphos (used as an insecticide and a nematicide) but a significant growth reduction with ridomil (fungicide) and methiocarb (used as bird repellent, insecticide, acaricide, and molluscicide).
Therefore, the conclusion that can be drawn from available literature is that most data on pesticide toxicity to earthworms is based on E. fetida response in standard tests with well-fed earthworms having optimal population density. A more realistic assessment of ecotoxicological risk to pesticides requires information that better reflects the potential exposure in the field, with typical pesticide application rates and considering earthworm population dynamics in response to fluctuating environmental conditions (Menezes-Oliveira et al. 2011 ).
Managing earthworm beneficial effects in cropped fields
Increasing biodiversity in cropping systems is the key to improve agriculture sustainability, and diverse earthworm communities can contribute positively to this objective (Brussaard et al. 2007; Malezieux 2012) . Depending on farmers' objectives, there are a variety of strategies to promote earthworm populations and earthworm services for agricultural crops. As illustrated in Fig. 4 , these strategies range from those requiring minimal human intervention (self-organized ecosystems) to those that require considerable human intervention, including the use of earthworm-engineered products.
The first way to maintain large earthworm populations is by adopting practices that conserve earthworms or allow them to recolonize fields. Earthworm communities within agroecosystems can be considered to function as metacommunities (Mouquet and Loreau 2003) , meaning that their abundance and diversity vary with land use (e.g., permanent pastures generally host larger earthworm populations than wheat fields). Managing earthworms across the landscape context implies that land owners should retain enough patches of land with earthworm-friendly land uses to serve as sources of earthworms (i.e., spatially control earthworm populations). Temporally, farmers can select crop rotations that include phases with earthworm-friendly crops/land uses to increase depleted earthworm populations. To achieve these objectives, it is necessary to modify the cropping systems at the farm scale or landscape scale to introduce cultural practices that are beneficial for earthworms and avoid practices that are detrimental to earthworms. Still, these practices must sustain crop production and allow farmers to meet crop yield targets. For instance, reduction in tillage intensity is favorable to earthworms, but, if adopted, alternative weed control measures are needed, e.g., using cover crops and/or living mulches, to avoid yield losses. Other practices that are beneficial to both earthworms and crops could represent win-win strategies. For instance, increasing the organic matter inputs to the soil or liming to bring the pH to a level favorable to earthworms and crops. These actions not only promote earthworm populations but could be the beginning of a virtuous circle: Adding organic matter or buffering soil pH promotes earthworm density but also improves soil structure and SOM cycling through beneficial earthworm-microbial interactions. In turn, greater soil biological activity can positively stimulate crop growth, leading to greater organic matter inputs from crop residues. This point is particularly important because agricultural activities tend to decrease SOM worldwide (Lal 2004) .
The second way to increase earthworm abundance is to inoculate them directly into the field. However, this relies on the existence of an earthworm production unit or a commercial source of earthworms. Earthworms can be introduced without organic matter, but there should be enough organic matter in the field to meet the feeding requirements of the introduced and indigenous (if any) earthworm populations. Adding organic matter with earthworms is possible, but organic matter has then to be retrieved from outside the field, which makes the technique dependent on the cultural system and/or the socioeconomical context.
From laboratory breeding, it seems that the development stage of the introduced earthworms must be considered, as cocoons and juveniles are more adaptable to the transfer from one soil to another than adults. Earthworm inoculation units (Butt et al. 1997) are plastic bags containing the three earthworm life stages (cocoons, juveniles, and adults) that are emptied in field holes. This technique increases the success of colonization, as it involves addition of a structured population. The Stockdill method (Stockdill 1959 (Stockdill , 1966 (Stockdill , 1982 Martin and Stockdill 1976 ) is based on transplanting soil blocks with earthworms from adjacent ecosystems to the agroecosystem. This method aims to introduce earthworms from all life stages within an intact matrix of soil and associated organisms. However, this technique can be damaging for the ecosystem where soil blocks are retrieved.
At the other end of the gradient (Fig. 2) , services provided by earthworm populations can be accessed by using products engineered by earthworms in semi-industrial production systems. Spreading of earthworm-created products, such as vermicompost, enters this category. Vermicompost, a mesophilic compost made by earthworms, is produced from organic wastes; so, this solution could be very efficient for farmers with livestock operations as well as field crop cultivation. In fact, animal wastes could be vermicomposted at the farm, generally using the earthworm species E. fetida, and then spread with a minimal transport cost. The use of vermicompost extracts is also possible, but the cost associated with extraction prohibits their use in fieldscale agriculture. However, they can be used in plant nurseries to fortify young seedlings .
Despite all these techniques, there are few long-term field experiments examining earthworm impacts on soil fertility and crop yield, partially because it is difficult to control earthworm abundance in large plots so that high and low earthworm abundances could be compared among agricultural treatments (e.g., to evaluate the effects of tillage, organic matter amendments, mineral fertilizer, pesticides). Therefore, despite many indirect arguments and results demonstrating the beneficial effect of earthworms on crop growth and yield the short term, it is difficult to scientifically assess the long-term benefits of increasing earthworm abundance in cropped fields.
In the same vein, all components of agroecosystems interact, and the choice of the plant is probably important for determining earthworm-crop interactions. For example, some crops are probably more beneficial for earthworms because they produce more crop residues (e.g., higher root biomass) or lead to the accumulation of SOM stocks that can serve as food for earthworms. For the same reason, different cultivars of the same crop plant are likely to impact earthworms differently, but how cultivar traits impact earthworms has hardly been studied. Reciprocally, earthworms are likely to affect differently diverse plant cultivars. For instance, rice cultivars respond differently to the presence of earthworms (Noguera et al. 2011 ). This suggests that choosing the right cultivar or developing new cultivars that interact well with earthworms could amplify the benefit of earthworm-friendly cropping systems. Modern cultivars were developed principally for their high yields and quick growth, and no effort was made to select cultivars that interact fruitfully with soil biodiversity (Loeuille et al. 2013 ). This represents an important research avenue to promote soil biodiversity for better crop production in the context of sustainable agriculture.
Due to the inadequate number of long-term field experiments on earthworms, the site-specific nature of earthworm services to crops and the absence of socioeconomic evaluation of techniques to increase earthworm numbers, the promotion of earthworm in agricultural fields is still anecdotal. However, increasing knowledge about their contribution to soil functioning and about the ecosystem services they provide is stimulating enthusiasm for earthworm experiments by farmers and researchers. This growing interest will probably fill knowledge gaps and provide socioeconomic information regarding the opportunity to promote earthworms in cropping systems. In any case, earthworms are key actors in soil biodiversity, and they will likely be important in the development of innovative, sustainable cropping systems in the foreseeable future.
Conclusion
Overall, earthworm effects on soil fertility and plant growth are positive. They improve soil structure and stabilize SOM fractions within their casts. In the short term, they increase mineralization, which make mineral nutrients available for plants. Earthworm trigger the release of molecules analoguous to phytohormones that tend to improve plant growth. Tillage is generally detrimental to earthworms whereas practices increasing SOM content positively impact earthworm communities. The impact of pesticide of earthworms is incompletely understood because of the lack of field data on the actual exposure of earthworms to currently used molecules. Alltogether, using earthworm services in cropping systems is Fig. 4 There are several approaches to increase earthworm beneficial effects on crops and agroecosystems. The gradient depicted in this illustration distinguishes systems that function on the basis of selforganization from systems that rely on human intervention to achieve their ecological functions. Modified from Blouin et al. 2013 very likely to contribute increasing agricultural sustainability. Nevertheless, additional long-term field studies will be essential to fully understand the impact of earthworms on crop production. In particular, these studies should strive to (i) disentangle the mechanisms through which earthworms impact fertility and plant growth and (ii) assess the relative influence of agricultural practices on earthworm populations
